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Abstract 

New Physics scenarios generally predict the existence of very heavy quantum states that 
can possibly manifest themselves as peaks in the cross sections at the LHC. For values 
of the parameters in certain domains, different nonstandard models can generate peaks 
with the same mass and same number of events. In this case, the spin determination of a 
peak, requiring the angular analysis of the events, becomes crucial in order to identify the 
relevant nonstandard source. We here discuss, using a particularly suitable symmetrically 
integrated angular asymmetry applied to Drell-Yan dilepton and diphoton events at LHC, 
the identification reach on the exchanges in these reactions of the following heavy bosons: 
spin-2 Randall-Sundrum graviton excitations; spin-1 heavy neutral gauge bosons Z'] and 
spin-0 SUSY i?-parity violating sneutrinos. 
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1 Introduction 



The occurrence of the heavy bosons predicted by models beyond the standard model (SM), 
with mass scales M ^ Mw,Zi can be signalled by the observation of (narrow) peaks in the 
cross sections for reactions among standard model particles at the high energies available 
at the LHC. However, the observation of a peak/resonance at some large mass M = Mr 
may not be sufficient to identify its underlying nonstandard model, in the multitude 
of potential sources of such a signal. Indeed, in "confusion regions" of the parameters, 
different models can give the same Mr and same number of events under the peak. In that 
case, the test of the peak/resonance quantum numbers, in the first place of the spin, is 
needed to discriminate the models against each other in the confusion regions. Specifically, 
one defines for the individual nonstandard scenarios a discovery reach as the maximum 
value of Mr for peak observation over the SM background, and an identification reach 
as the maximum value of Mr for which the model can be unambiguously discriminated 
from the other competing ones as the source of the peak. 

Particularly clean signals of heavy neutral resonances are expected in the inclusive 
reactions at the LHC: 

p + p^l^l~+X (1 = 6, fi) and p + p-)-77 + X, (1.1) 

where they can show up as peaks in the dilepton (and diphoton) invariant mass M. While 
the total resonant cross section determines the number of events, hence the discovery 
reaches on the considered models, the angular analysis of the events allows to discriminate 
the spin-hypotheses from each other, due to the (very) different characteristic angular 
distributions. In the next sections we discuss the identification of the spin-2, spin-1 
and spin-0 hypotheses, modelled by the Randall-Sundrum model with one warped extra 
dimension pQ, a set of Z' models [2], and the i?-parity violating sneutrino exchange [3], 
respectively. 



2 Cross sections and center-edge asymmetry 

The total cross section for a heavy resonance discovery in the events (11. ip at an invariant 
dilepton (or diphoton) mass M = Mr (with R = G, Z', p denoting graviton, Z' and 
sneutrino, respectively) is: 

a{pp R) ■ BR{R /+/") = dz dM dy———. (2.2) 



Mr- AM/2 Jy^i^ dMdydz 

Resonance spin-diagnosis makes use of the comparison between the different differential 
angular distributions [HE]: 

drr rMR+AM/2 py^e,^ i 

^ = / dM / ^ dy. (2.3) 

d^; Jmr^am/2 Jy^,,^ dMdydz 

In Eqs. (12. 2p and (12. 3p . z = cos6'cm and y are the lepton-quark (or photon-quark) angle 
in the dilepton (or diphoton) center-of-mass frame and the dilepton rapidity, respectively, 
and cuts on phase space due to detector acceptance are indicated. Furthermore, AM 
is an invariant mass bin around Mr, reflecting the detector energy resolution, see for 
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instance Ref. [6]. To evaluate the number A^^ of resonant signal events, time-integrated 
luminosities of 100 and 10 fb~^ will be assumed, as well as 90% reconstruction efficiencies 
for both electrons and muons and 80% for photons [7]. Typical experimental cuts are: 
p± > 20 GeV and pseudorapidity |?7| < 2.5 for both leptons; p± > 40 GeV and |?7| < 2.4 
for photons. To evaluate Eqs. (12. 2 p and (12. 3p . the parton subprocess cross sections will be 
convoluted with the CTEQ6 parton distributions of Ref. [8]. Next-to- leading QCD effects 
can be accounted for by i^-factors, and for simplicity of the presentation we here adopt 
a flat value K = 1.3 for all considered processes. 

In practice, due to the completely symmetric pp initial state, the event-by-event de- 
termination of the sign of z may at the LHC be not fully unambiguous. This difficulty 
may be avoided by using as the basic observable for the angular analysis the 2;-evenly 
integrated center-edge angular asymmetry, defined as P4T2]: 



Ace = with ctce 



2cut 



^dz. (2,4) 



In Eq. (12. 4p . < z* < Zcut defines the separation between the "center" and the "edge" 
angular regions and is a priori arbitrary, but the numerical analysis shows that it can be 
"optimized" to z* ~ 0.5. The additional advantage of using Ace is that, as being a ratio 
of integrated cross sections, it should be much less sensitive to systematic uncertainties 
than the "absolute" distributions (examples are the i^-factor uncertainties from different 
possible sets of parton distributions and from the choice of factorization vs renormalization 
mass scales). 



3 Nonstandard interactions and relevant angular dis- 
tributions 

We list, for the nonstandard models of interest here, the basic features relevant to the 
angular analysis and the spin-identification. 

3.1 RS model with one compact ified extra dimension 

The simplest version [T] , originally proposed as a rationale for the gauge hierarchy problem 
Mew ^ Mpi, consists of one warped extra spatial coordinate y with exponential warp 
factor exp {—k7i\y\) (with k > the 5D curvature assumed of order Mpi), and two three- 
dimensional branes placed at a compactification distance Rc in y. The SM fields are 
localized to the so-called TeV brane, while gravity originates on the other one, the so- 
called Planck brane, but is allowed to propagate in the full 5D space. The consequence 
of the chosen space-time geometry is that, in the reduction to four dimensions, a Planck- 
brane mass spectrum with characteristic scale of order Mpi = 1/ ^/SttGn — 2.4 x 10^^ GeV, 
is exponentially "warped" down to the TeV-brane, and the cut-off on the effective theory 
becomes there = Mpiexp {—kirRc). For kRc — 12, is of the TeV order and this 
opens up the appealing possibility of observing gravitational effects at the LHC energies. 
Notably, these signatures consist of a tower of spin-2 graviton excitations that can be 
exchanged in processes (II. ip and show up as narrow peaks in M with the specific mass 
spectrum M„ = Xnkexp {—knRc), of order A^ ~ TeV (x„ are the roots of Ji(x„) = 0), 
and couplings to SM particles of order 1/A^. 
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The model can be conveniently parametrized in terms of Mc the mass of the lowest 
graviton excitation, and of the "universal" dimensionless coupling c = k/Mpi. Theoreti- 
cally, the expected "natural" ranges are 0.01 < c < 0.1 and A^^ < 10 TeV [13]. Current 
95% CL experimental limits [H] are in the range Mq > 600 GeV (for c = 0.01) up to 
Mg > 1.05 TeV (for c ^ 0.1). 

For dilepton production, in self-explaining notations and with e^, and e^'^ the 
fractions of G-events under the M/j-peak initiated by qq, gg and the SM background, 
respectively, the ^-even distributions needed in (12.41) can at the leading order be expressed, 
as [15]: 

da« 3 



dz 



l-3z" + 42^W 
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and: 



A' 



G 
CE 



SM ^ SM I G 



^q"^ ^CE 



2z 



*5 



* 2\ 



(3.5) 



(3.6) 



For the diphoton events, the leading order RS resonance exchange contributions to qq — )■ 
G — )■ 77 and gg ^ G ^ '-ff can analogously be written as [T6] : 



da' 



G 



and 



A. 



G 
CE 



dz 

'1 



G 



32 



z*{5 



*4\ 



+ e 



G 



1 + Qz' + z^)a' 



-1 + -z* + -z* 
8 4 



+ 



(3.7) 



(3.8) 



Next-to-leading order QCD effects, and the corresponding /^-factors, have been evaluated 
in Ref. [17] and in Ref. [18] for the dilepton and the diphoton channels, respectively. 
One important remark is that for the diphoton channel, due to spin-ly^ 77, the viable 
hypotheses reduce to spin-2 and spin-0 exchanges only and, moreover, the RS model 
makes the definite prediction BR(G -> 77)/BR(G — )■ /+/") ~ 2 



3.2 Heavy neutral gauge bosons 

The spin-1 hypothesis is in process (II. ip realised by qq annihilation into lepton pairs 
through Z' intermediate states [2]. Such bosons are generally predicted by electroweak 
models beyond the SM, based on extended gauge symmetries. Generally, Z' models 
depend on Mz' and on the left- and right-handed couplings to SM fermions. In the 
sequel, results will be given for a popular class of models for which the values of these 
couplings are fixed theoretically, so that only Mz' is a free parameter. These are the Z'^, 
Z'^, Z'^, Zlj^, models, and the "sequential" Z'^^-^ model with Z' couplings identical 

to the Z ones. Current experimental lower limits (95% CL) on Mz' depend on models, 
and range from 878 GeV for Z'^ up to 1.03 TeV for [T9] . 

The z-even angular distributions for the partonic subprocesses qq ^ Z' ^ have 
the same form as in the SM and, therefore, the resulting Ace is the same for all Z' models: 



da' 



dz 



(3.9) 



A, 



z' 

CE 



A: 



SM 
CE 



*2 



3)-l. 



(3.10) 
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Consequently, the AcE-based angular analysis should have a considerable degree of Z' 
model independence. A discussion of next-to-leading QCD corrections can be found, for 
instance, in Ref. [2U] . 



3.3 i?-parity violating sneutrino exchange 

i?-parity is defined as = (— 1)(25'+3B+-L)^ g^j^^ distinguishes particles from their super- 
partners. In scenarios where this symmetry can be violated, supersymmetric particles can 
be singly produced from ordinary matter. In the dilepton process (11. ip of interest here, a 
spin-0 sneutrino can be exchanged through the subprocess dd ^ v ^ and manifest 
itself as a peak at M = My with a flat angular distribution [3]: 

^=g(l + ^K +2^.' (3-11) 

^SE = er^CE + <(2^*-l)- (3.12) 
Results on higher QCD orders and supersymmetric QCD corrections available in the 
literature indicate the possibility of somewhat large i^-factors [2T1|22]. The cross section 
is proportional to the i?-parity violating product X = {X'^Bi where Bi is the sneutrino 
leptonic branching ratio and A' the relevant sneutrino coupling to the dd quarks. Current 
limits on the relevant A's are of the order of 10~^ [23], and the experimental 95% CL lower 
limits on Mj^ range from 397 GeV (for X = 10"^) to 866 GeV (for X = lO'^) [Hj. We 
may take for X, presently not really constrained for sneutrino masses of order 1 TeV or 
higher, the (rather generous) interval 10~^ < X < 10~^. 



4 Spin-diagnosis using ^ce 

The nonstandard models briefly described in the previous section can mimic each other 
as sources of an observed peak in M, for values of the parameters included in so-called 
"confusion regions" (of course included in their respective experimental and/or theoretical 
discovery domains), where they can give the same number of signal events Ns- The M/j- 
Ns plots in Fig. [1] show as examples the graviton vs sneutrino and graviton vs Z' confusion 
domains as well as the number of events needed for 5-a discovery at the 14 TeV LHC 
with luminosity Cint = 100 fb~^. 

In such confusion regions, one can try to discriminate models from from one another 
by means of the angular distributions of the events, directly reflecting the different spins 
of the exchanged particles. We continue with the examples of confusion regions in Fig. [1] 
and start from the assumption that an observed peak at M = is the lightest spin-2 
graviton (thus, = Mq)- We define a "distance" among models accordingly: 

^^CE = ^CE ~ ^CE A^CE = ^CE ~ ^CE- (4-13) 

To assess the domain in the (M^, c) plane where the competitor spin-1 and spin-0 models 
giving the same Ng under the peak can be excludedhj the starting RS graviton hypothesis, 
a simple-minded x^-like criterion can be applied, which compares the deviations (14.131) 
with the statistical uncertainty SAq-^^ pertinent to the RS model (systematic uncertainties 
can easily be included). We impose the two conditions 

X' ^ |AA?e75^8eI' > xIl- (4.14) 
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Figure 1: Discovery and confusion regions (yellow) vs M^. 

Here, Xcl specifies a desired exclusion confidence level (3.84 for 95% CL). This condition 
determines the minimum number of events, Ng^^^, needed to exclude the spin-1 and spin-0 
hypotheses (hence to establish the graviton spin-2), and this in turn will determine the RS 
graviton identification domain in the (M^, c) plane. Of course, an analogous procedure 
can be applied to the identification of Z' and u exchanges against the two competing ones. 
In the next section we review the results obtained for the three spin-identification analyses 
based on Aqe- Recents attempts based on, alternatively, y- integrated asymmetries have 
been proposed in Ref. [Mj . 




z* M„ (TeV) 



Figure 2: Deviations f l4.13p vs z* (left panel); N^^'^ for spin-1 and spin-0 exclusion from 
RS graviton hypothesis (right panel). 

4.1 Spin-2 identification 

Figure |2] shows, for LHC energy and luminosity the same as for Fig. [H the deviations 
f l4.13p vs z* for Mg = 1.6 TeV and c = 0.01, assuming the same Mr and number of peak 
events for the spin-1 Z' and the spin-0 u hypotheses. The error bars are the statistical 
2-cr uncertainties on A^-^. Figure [2] shows, as anticipated, that z* ~ 0.5 is "optimal", in 
the sense that at this value there is maximal sensitivity to the deviations among models 
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and, moreover, the is found to be rather smooth. By imposing the conditions fl4.14p . 
one finds the minimum number of events A^™™ vs Mq (and with 0.01 < c < 0.1), needed 
to exclude at 95% CL the spin-1 as well as the spin-0 hypotheses once the spin-2 one 
has been assumed to be "true" . Such are reported in Fig. [21 right panel. Notice 

from this figure that the "theoretically favored" region is severely restricted to the domain 
within the A^r = lOTeV and the c = 0.1 contours (green). 




2 3 
Mo (TeV) 



2 3 
Mo (TeV) 



Figure 3: RS graviton discovery and identification from dilepton events. 




Figure 4: RS graviton discovery and identification from diphoton events. 

Figure [3] shows the expected lowest lying graviton identification domain at 95% CL in 
the {Mg, c) plane from dilepton events {I = e, fi combined) at 14 TeV with time- integrated 
luminosities of 10 and 100 fb~^ [TU]. Basically, in this figure, the domain to the left of 
the line "G" is the discovery domain; that to the left of the "l^" line is the exclusion 
domain of the Z' hypothesis; and that to the left of the "S"" line represents the domain 
where the z/ hypothesis (as well as the Z') can be excluded, hence the spin-2 identified. 
From the two panels of Fig. [3] one can read the expected graviton identification limits: 
Mg < 1.1 or 2.4 TeV for c = 0.01 or 0.1, respectively, at 10 fb"^; Mg < 1.6 or 3.2 TeV 
for c = 0.01 or 0.1, respectively, at 100 fb~^. The identification reach could therefore be a 
significant portion of the discovery domain, especially for the higher luminosity. On the 
other hand, the discovery domain is really constrained by the condition A,r < 10 TeV, if 
applied literally. 
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Figure H] shows a preliminary attempt to assess the 95% CL identification reach on 
the RS spin-2 graviton excitation from the diphoton events in fll.ll) . by means of the Ace 
analysis, for C\nt = 100 fb~^ and cuts and photon reconstruction efficiencies as outlined 
in the Introduction. In this case, only a hypothetical spin-0 resonance decaying to two 
photons must be excluded. The curves in those plots must be interpreted analogously to 
those in Fig. |3l Specifically, the left panel shows the A^™'" vs Mq for RS identification 
(or scalar hypothesis rejection) within 0.01 < c < 0.1, while the right panel shows the 
identification domain in the {Mq, c) plane. This tentative example shows that diphoton 
events might have an identification sensitivity to the RS graviton comparable to the 
dilepton ones, with the spin-1 automatically excluded. 

4.2 Spin-1 Z' identification 

Due to our choice of a family of models where the values of the Z' coupling constants to 
quarks and leptons have theoretically pre-determined values, in the (M^j — Ns) plot in 
Fig. [1] these scenarios are simply represented by lines, with now M/j = Mz'- The figure 
shows that, at the LHC luminosity assumed there, some models, namely, the ^alr 
the ^gsM can be discriminated from the RS spin-2 resonance (but not from the spin-0 u) 
already at the level of event rates. The other Z's share confusion regions with both spin-2 
and spin-0 hypotheses. 

The AcE-based angular analysis can be applied quite similar to the preceding case, 
this time assuming that an observed peak in M is due to a Z', and evaluating the minimal 
number of events needed for excluding the spin-2 and spin-0 hypotheses. At the 100 fb~^ 
luminosity assumed in Fig. [H iV™™ turns out to be about 130 and 200 for exclusion of 
spin-2 and spin-0, respectively. This information can easily be turned into identification 
limits in terms of the relevant Mz'- For the 14 TeV LHC nominal energy and luminosity 
100 fb~^, one could establish the Z' hypothesis (by exclusion of spin-2 and spin-0) for 
Mz' < 3.0 — 3.8 TeV, depending on the particular model. In addition one can make 
pairwise comparisons (hence obtain identification) between the considered Z' models with 
same Z' mass on the basis of the different expected statistics, in the 1-2 TeV range for 
Mz'- Details are discussed in Ref. [TTj . 

4.3 Spin-0 sneutrino identification 

Figure [1] shows that the domain in the i?-breaking parameter X allowed to sneutrinos is 
so large that its discovery domain fully includes those of the RS resonance (with 0.01 < 
c < 0.1) and of all Z's. The situation would be exactly the same even if we restricted X 
to the narrower interval 10~^-10~^. 

Figure E] shows, as an example, the sneutrino confusion regions with RS and Z's vs 
for 10 fh-\ with LHC energy 14 TeV (left panel) and 7 TeV (right panel), respectively. 
The Z' models are not all explicitly represented, the relevant curves lie in the domain 
between the rightmost (^^rl) the leftmost Z'^ dashed ones. The condition < 10 
TeV is not reported here. One can easily read off the minimal number of events vs 
My needed for 95% CL exclusion of the RS resonance, of the spin-1 Z' hypotheses, and 
both, once a peak in dilepton events has been attributed to sneutrino exchange in (11. ip . 
One finds that A^™™ ^ 150 events are needed for sneutrino identification via Aqe, the 
relevant values of Mc, being constrained to the ranges 1.9-2.7 TeV and 1.1-1.7 TeV for 
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Figure 5: Sneutrino discovery and identification regions. 



LHC energies 14 TeV and 7 TeV, respectively. At 14 TeV and the highest luminosity 
£int = 100 fb"\ the range in Mj> would be 3.0-3.8 TeV. A larger number of events would 
be necessary if the condition A^^ < 10 TeV on the RS model were applied literally. A 
more delailed numerical analysis is reported in Ref. [12]. 



References 

[1] L. Randall a nd R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) 
|arXiv:hep-ph7 9905221| ; 

L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999) 



|arXiv:hep-th/9906064j . 

[2] For details and reviews see, for example: P. Langacker, Rev. Mod. Phys. 81, 1199 
(2009) [arXiv: 0801. 13451 [h ep-ph]]; 
T. G. Rizzo, |arXiv:hep-p!i/0610104l 

[3] J. Kalinowski, R. Riickl, H. Spiesberger and P. M. Zerwas, Phys. Lett. B 406, 314 
(1997) |arXiv:hep-ph/9703436]; 

J. Kalinowski, R. Riickl, H. Spiesberger and P. M. Zerwas, Phys. Lett. B 414, 297 
(1997) |arXiv:hep-ph/9708272 |. 

[4] B. C. Allanach, K. Odagiri, M. A. Parker and B. R. Webber, JHEP 0009, 019 (2000) 
[arXiv:hep-ph/0006114 |; 

B. C. Allanach, K. Odagiri, M. J. Palmer, M. A. Parker, A. Sabetfakhri and 
B. R. Webber, JHEP 0212, 039 (2002) |arXiv:hep-ph/0211205| . 

[5] R. Cousins, J. Mumford, J. Tucker and V. Valuev, JHEP 0511 (2005) 046. 

[6] ATLAS Collaboration, Reports No. CERN-LHCC-99-14, CERN-LHCC-99-15 

[7] R. Cousins, J. Mumford and V. Valuev [CMS Collaboration], Czech. J. Phys. 55 
(2005) B651. 

[8] J. Pumplin, D. R. Stum p, J. Huston, H. L. Lai , P. M. Nadolsky and W. K. Tung, 
JHEP 0207, 012 (2002) |arXiv:hep-ph/0201195| . 



9 



E. W. Dvergsnes, P. Osland, A. A. Pankov and N. Paver, Phys. Rev. D 69, 115001 
(2004) | arXiv:hep-ph/0401199] . 

P. Osland, A. A. Pankov, N. Paver and A. V. Tsytrinov, Phys. Rev. D 78, 035008 

(2008) [ arXiv:0805.2734l [hep-ph]]. 

P. Osland, A. A. Pankov, A. V. Tsytrinov and N. Paver, Phys. Rev. D 79, 115021 

(2009) |arXiv:0904.4857 [hep-ph]]. 

P. Osland, A. A. Pankov, N. Paver and A. V. Tsytrinov, larXiv:1008.T389 l [hep-ph]. 

H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Rev. Lett. 84, 2080 (2000) 
|arXiv:h ep-ph/9909255 | ; 

H. Da voudiasl, J. L. H ewett and T. G. Rizzo, Phys. Rev. D 63, 075004 (2001) 
rarXiv:hep-ph/0006041| . 



V. M. Abazov et al. [The DO Collaboration], Phys. Rev. Lett. 104, 241802 (2010) 
[ arXiv: 1004. 18261 [hep-ex] ] . 

T. Han, J. D . Lykken and R. J. Zhang, Phys. Rev. D 59, 105006 (1999) 
|arXiv:hep-ph/9811350] ; 

G. F. Giudice, R. R attazzi and J. D. Wells, Nucl. Phys. B 544, 3 (1999) 
|arXiv:hep-ph/9 811291|. 

K. Sridhar, JHEP 0105, 066 (2001) |arXiv:hep-ph/0103055| ; 

A. V. Kisselev, JHEP 0809, 039 (2008) |arXiv:0804.394T] [hep-ph]]. 

P. Mathews, V. Ravindran and K. Sridhar, JHEP 0510, 031 (2005) 
[arXiv:hep-ph/0506158 |; 

P. Mathews and V. Ravindran, Nucl. Phys. B 753, 1 (2006) |arXiv:hep-ph/0507250| ; 
M. G. Kumar, P. Mathews and V. Ravindran, Eur. Phys. J. G 49, 599 (2007) 
|arXiv:hep-ph/0604135 . 



M. G. Kumar, P. Mathews, V. Ravindran and A. Tripathi, Nucl. Phys. B 818, 28 
(2009) |arXiv:0902.4894l [hep-ph]]. 

T. Aaltonen et al. [GDF GoUaboration] , Phys. Rev. Lett. 102, 091805 (2009) 
rarXiv:0811.0053l [hep-ex] ] . 

M. S. Garena, A. Daleo, B. A. Dobrescu and T. M. P. Tait, Phys. Rev. D 70, 093009 
(2004) | arXiv:hep-ph/0408098| . 

D. Ghoudh ury, S. Majhi and V. Ravindran, Nucl. Phys. B 660, 343 (2003) 
[arXiv:hep-ph/0207247|; 



Y. Q. Ghen, T. Han and Z. G. Si, JHEP 0705, 068 (2007) |arXiv:hep-ph70612076] ; 
S. Majhi, P. Mathews and V. Ravindran, ar Xiv: 101 1.60271 [hep-ph]. 

[22] H. K. Dreiner, S. Grab, M. K ramer and M. K. Trenkel, Phys. Rev. D 75, 035003 
(2007) tarXiv:hep-ph/0611195| . 



10 



[23] R. Barbier et al, Phys. Kept. 420, 1 (2005) |arXiv:hep-p h/0406039]; 

H. K. Dreiner, M. Hanussek and S. Grab, Phys. Rev. D 82, 055027 (2010) 
larXiv: 1005.33091 [hep-ph]]. 

[24] R. Diener, S. Godfrey and T. A. W. Martin, Phys. Rev. D 80, 075014 (2009) 
[arXiv:0909.2022 [hep-ph]]; 

R. Kelley, L. Randall and B. Shuve, larXiv:1011.0728] [hep-ph]. 



11 



